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Abstract  53 
 54 
In recent years there has been an upsurge of studies on ecosystem multifunctionality (EMF), 55 
or the ability of ecosystems to simultaneously provide multiple functions and/or services. The 56 
concept of EMF itself, the analytical approaches used to calculate it, and its implications 57 
depending on the spatial scale and field of study have been discussed in detail. However, to 58 
date, there has been little dialogue concerning the basis of EMF studies- the functions 59 
themselves- nor what appropriate measures for ecosystem functions are. To begin this 60 
discussion, we performed an in-depth review of EMF studies across four major terrestrial 61 
ecosystems (agroecosystems, drylands, forests, and grasslands) by analysing 82 studies, 62 
which together have assessed 775 ecosystem functions from a variety of field and greenhouse 63 
experiments across the globe. The number of ecosystem functions analysed varied from two 64 
to 82 per study and we found large differences in the distribution of functions across 65 
ecosystem types. Furthermore, there was little explanation of why certain variables were 66 
included in the EMF calculation or how they relate to ecosystem functioning. Based on the 67 















The multiple threats posed by climate and land-use change, such as more frequent droughts, 81 
mega-fires, and loss of biodiversity (Costello et al. 2009; Bellard et al. 2012), have put a clear 82 
priority on the importance of maintaining our environment, while at the same time providing 83 
enough food, fuel and fibre to support the burgeoning population (United Nations 2015). Yet 84 
measuring and weighing trade-offs between different aspects of ecosystem services and 85 
functions is a complex and challenging task. Researchers and policy makers have attempted to 86 
accomplish this task using the well-known concept of ecosystem services, or the benefits 87 
provided to humans from ecosystem functions (Costanza et al. 1997; Fig. 1). This effort has 88 
led to influential reports and frameworks that have shaped environmental policy for decades 89 
(MEA 2005; Gómez-Baggethun et al. 2010; United Nations 2015). Although several different 90 
frameworks for conceptualizing and categorizing these functions and services exist (MEA 91 
2005; Díaz et al., 2015; Díaz et al., 2018; TEEB, 2018), the majority are generally discussed 92 
in the framework of cultural, provisioning, regulating, and supporting ecosystem service 93 
categories (Fig. 1).  94 
 95 
One of the key approaches to measure and appropriately manage ecosystems is to gain an 96 
understanding of how these functions and services are measured. In recent years, a relatively 97 
new practice to fulfil this goal has emerged in which researchers have begun to calculate a 98 
single measure to characterize the “overall functioning of an ecosystem” (Hector & Bagchi 99 
2007; Gamfeldt et al., 2008) or the “ability of ecosystems to simultaneously provide multiple 100 
functions and services” (Manning et al. 2018) in a term commonly referred to as ecosystem 101 
multifunctionality (EMF). Here we define ecosystem functions as the biotic and abiotic 102 
processes that occur within an ecosystem and may contribute to ecosystem services either 103 
directly or indirectly (Fig. 1). While previous studies on key drivers of ecosystem functioning 104 
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tended to assess single functions, more recent studies have focused on understanding the 105 
drivers of multiple ecosystem functions simultaneously (Maestre et al. 2012; Wagg et al. 106 
2014; Lefcheck et al. 2015). This was an important progression for ecological research, since 107 
measuring only one ecosystem function does not consider the trade-offs between ecosystem 108 
functions, nor how changes in factors such as biodiversity and land management practices 109 
would affect these multiple functions overall (Allen et al., 2015).  110 
 111 
The focus on EMF has brought new perspectives on the importance of biodiversity for 112 
ecosystem functioning (Meyer et al. 2018; Schuldt et al. 2018) and the impacts of global 113 
change drivers such as increases in temperature or the impact of wetting-drying cycles 114 
(Delgado-Baquerizo et al. 2017), to name a few. However, it has been much more challenging 115 
to transform the idea of EMF into a useful assessment tool for scientists and policy makers 116 
(Manning et al. 2018). In fact, the validity of the multifunctionality concept has been 117 
thoroughly debated in recent years (Bradford et al. 2014a,b; Manning et al. 2018; Table 1). 118 
Yet the main focus on EMF so far has been centered around the methodology and number of 119 
individual functions used to calculate it (Byrnes et al. 2014; Lefcheck et al. 2015; Gamfeldt & 120 
Rogers 2017; Meyer et al. 2018; Jing et al., 2020). In contrast, there is very little 121 
consideration of how the reported functions contribute to the overall ecosystem functioning or 122 
the provisioning of ecosystem services, and how the inclusion or exclusion of particular 123 
functions, in contrast to the number of functions (Allan et al. 2015; Gamfeldt & Rogers 2017; 124 
Meyer et al. 2018), affects the overall assessment of EMF. Moreover, in the EMF literature it 125 
is common to see ecosystem properties (i.e. soil pH, soil depth, water content, etc.), reported 126 
as functions, instead of drivers or regulators of such functions (Table S1). It is likely that 127 
these parameters are included in EMF calculations due to confusion amongst researchers 128 
regarding what an ecosystem function is and what an appropriate indicator of such 129 
functioning can be. Here we define indicator as a component or a measure of environmentally 130 
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relevant phenomena used to depict or evaluate environmental conditions, as proposed by 131 
Heink and Kowarik (2010) (Fig. 1). For example, in a review linking soil functioning with 132 
ecosystem service provision, Bünemann et al. (2018) found that the word ‘function’ was used 133 
interchangeably as a process, functioning, role, and service. As a result, it is difficult to 134 
instinctively understand what is included in such an assessment, and how the term EMF 135 
actually relates to the overall functioning of an ecosystem.  136 
 137 
Recent work has deepened our insights into the definition and development of EMF (Manning 138 
et al. 2018), its application to global change research (Gilling et al. 2018), and its differences 139 
in conceptualization across research fields (i.e. ecosystem multifunctionality compared to 140 
landscape multifunctionality) (Hölting et al., 2019). However, while Hölting et al. (2019) 141 
analysed 101 studies on the functions used across both ecosystem multifunctionality and 142 
landscape multifunctionality studies together, whether or not the specific functions or 143 
indicators were appropriate for such an assessment was not discussed. We propose that such 144 
an assessment is not only lacking, but also particularly necessary for several reasons. First, the 145 
value, robustness and strength of EMF assessments depends primarily on the functions used 146 
to calculate it. Second, a review of functions in the EMF literature can show us what types of 147 
functions have received the most attention in recent and past studies, how these differ between 148 
ecosystem types under study, and thus where research gaps remain. Lastly, it is important to 149 
reflect on whether or not the variables reported as functions in EMF assessments are 150 
indicative of actual functions. To address these aforementioned issues, we performed a 151 
literature review of EMF studies to analyse which functions are used to calculate EMF across 152 
four major ecosystem types (agroecosystems, drylands, forests, and grasslands). We then use 153 
these results to discuss how well the reported functions or indicators are linked to ecosystem 154 
functioning and service provision, as well as give recommendations for how to choose 155 




Literature review  158 
 159 
We conducted a literature search on 1 July 2018 which included all peer-reviewed 160 
publications in the Web of Science database published before this date. We conducted this 161 
review by first searching for ‘multifunctionality’ in the Web of Science database and refined 162 
by the research areas: ecology, environmental sciences, microbiology, environmental studies, 163 
biology, geography, agriculture multidisciplinary, soil science, multidisciplinary sciences, 164 
agronomy, plant sciences, agricultural economics policy, forestry, biodiversity conservation, 165 
and agricultural engineering. We then removed all publications that were listed twice, which 166 
resulted in a total of 1,029 references. Many of them were related to landscape management 167 
or multifunctional agriculture, which did not calculate a multifunctionality index using 168 
measured ecosystem functions, but instead discussed the impact of different landscapes or 169 
cropping systems on a variety of socio-economic and political issues, and therefore were 170 
beyond the scope of our study (e.g. see Hölting et al. (2019) where landscape 171 
multifunctionality is discussed). We then narrowed the search terms to ‘multifunctionality and 172 
ecosystem’ of terrestrial ecosystems, refined the search by the same research areas as stated 173 
above, and removed all duplicate publications, which resulted in a final list of 268 papers 174 
(Fig. S1).  175 
 176 
We divided these 268 papers into those that: a) calculate EMF, b) measure a number of 177 
individual functions and discuss the overall results in terms of EMF, but do not calculate a 178 
final EMF value (i.e. mapping regions with more or less of a given number of functions), c) 179 
discuss EMF but do not measure it directly (i.e. reviews and discussion papers), and d) do not 180 
measure multiple functions, calculate an ecosystem EMF value, nor discuss it in detail. From 181 
this final list, 32%, or 86 papers, were redistributed to different individuals within the group 182 
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of authors, who then applied the same search criteria and grouping categorizations. This was 183 
done as a quality assurance measure to make sure that all papers were being categorized 184 
similarly even when screened by different people, according to the protocol of Meissle et al.  185 
(2014). All papers were grouped into the same categories during this cross-check phase, thus 186 
supporting our categorization criteria. Following the cross-check, we then chose all papers 187 
from categories a) and b) for further analyses since these measured multiple ecosystem 188 
functions and discussed them within the framework of EMF. Papers categorized into the final 189 
two categories (i.e. c and d, totalling 186 papers) were removed from our list. Using the data 190 
from categories a) and b), we compiled a table including information on the ecosystem type, 191 
number and type functions measured, and the methodology used to calculate EMF. The final 192 
list had a total of 82 papers, over half of which have been published since 2016, thus 193 
highlighting the steep increase in EMF studies in recent years (Fig. 2). From this final list of 194 
paper, we then  compiled a table including information on the ecosystem type, number and 195 
type functions measured, and the methodology used to calculate EMF (see complete list in 196 
Table S1).  197 
 198 
Are ecosystem functions necessarily linked with ecosystem service provision? 199 
 200 
To effectively guide the advancement of research in the field of EMF, it is essential to 201 
understand a) if the various functions measured in EMF literature are currently being linked to 202 
ecosystem services, either directly or indirectly, and b) if so, how this is done. Although it is 203 
well-accepted that most biodiversity-ecosystem-functioning studies are assessed mainly from 204 
an ecological perspective (i.e. without human valuation) (i.e. Fig. 1b), we found still that 205 
many studies in our review discussed how certain measured functions contribute to ecosystem 206 
service provision (Fig. 1a). Therefore, we began by compiling a list of how each paper 207 
classified the measured functions according to the service it contributes to (Table 2). For those 208 
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papers that specified why they chose to measure certain functions (i.e. see Maestre et al. 209 
2012; Fanin et al. 2018), we found that some chose to assess functions across a wide range of 210 
ecosystem service categories (Schipanski et al. 2014; Allan et al. 2015), while others chose to 211 
look not at overall ecosystem functioning, but instead at specific aspects of functioning such 212 
as the role of different parameters on C, N and P cycling and/or storage (Lohbeck et al. 2016; 213 
Eldridge et al. 2016; Luo et al. 2017), or wild food production (Granath et al. 2018). Still 214 
others never explicitly state which functions were actually measured, but only discuss the 215 
final value of EMF without discussing the functions they considered (Lefcheck et al. 2015, 216 
Meyer et al. 2018). Given the large range of potential functions included in such studies, we 217 
feel that it is imperative that future studies make it clear which functions were included in 218 
their analysis and why, so that readers can appropriately interpret the overall EMF index 219 
within the context of each specific study. 220 
 221 
Since direct information linking the measured functions with service provision was not 222 
available for all reviewed studies, we classified each of the measured functions into one of 24 223 
functional categories dispersed among the four major ecosystem service categories identified 224 
by the Millennium Ecosystem Assessment (MEA 2005) (cultural, provisioning, regulating 225 
and supporting, Table 2). This was done not only to condense an otherwise unmanageably 226 
long list of individual functions (775 in total), but also to gain insight into how evenly the 227 
major ecosystem service categories are being represented in EMF literature. We believe that 228 
this classification scheme was an appropriate fit for the published functions, meaning that 229 
each ecosystem service was represented within the literature, and each published function 230 
could easily fit within one of these services. The decision of which ecosystem service 231 
category to place the functions was agreed upon by all co-authors during lengthy discussions 232 
in which the primary role of each individual function was discussed within the context of our 233 
definition of ecosystem function (i.e. as suggested by Jax, 2005). However, while we were 234 
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able to place each published function in a single category, it is clear that in many cases a 235 
given function could potentially contribute to multiple functions or ecosystem services, which 236 
has been discussed previously (Constanza et al. 1997; Giling et al. 2018; Nilsson et al. 2017).  237 
 238 
Distribution of functions across ecosystem types 239 
 240 
In our assessment, we found that 30% of the papers were from grasslands, 23% from forests, 241 
16% were from drylands, and 27% from agricultural systems (Table 3). These four main 242 
ecosystem types were not subdivided further (i.e. natural versus managed grasslands or 243 
primary versus secondary forests) because this type of ancillary information was not available 244 
for most studies. However, these broad categories are still useful for analysing differences in 245 
EMF assessment between major ecosystem types. For example, using these categories we 246 
were able to compare our results with the distribution of global land use types to get an idea 247 
of how well our focus on EMF aligns with global averages (Fig. 3). Overall, grassland and 248 
forest ecosystems were relatively evenly represented in relation to their global distribution 249 
(30% and 23% in EMF studies compared to 23% and 26% in global distribution, 250 
respectively). However, agricultural systems and drylands were over-represented, while the 251 
barren land and glaciers were under-represented compared to their global distribution.  252 
 253 
In addition, there was also discontinuity between ecosystem categorizations. For example 254 
most studies were grouped by land-use type (i.e. grassland, forests, etc.) while others were 255 
grouped by environmental zones such as “drylands” (Maestre et al. 2012; Delgado-Baquerizo 256 
et al. 2016) or “peatlands” (Robroek et al. 2017). Most studies were conducted in a field 257 
setting, others were assessed using a greenhouse or soil incubation approach, and a minority 258 
did a meta-analysis of EMF studies investigating the role of a variety of modifying factors of 259 
EMF, such as differences in trophic levels (Lefcheck et al. 2015). Additionally, most of these 260 
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studies assessed EMF at only one time point, while only one experimental study assessed how 261 
plant species diversity impacts EMF over several years (Meyer et al. 2018) (Table S1). 262 
Within each ecosystem type, the average number of functions per study varied between 5.6 263 
and 10.6, showing great similarity to the median values (between 5 and 9) (Table 3). 264 
However, across all ecosystem types, the number of functions assessed per study ranged 265 
between 2 and 82, thus highlighting the wide variety between studies (Table 3). Our study 266 
complements the findings of Hölting et al. (2019) who found an average of 8 functions and 267 
services per study, although only 47% of the studies reviewed here overlapped with this study 268 
(Table S1).  269 
 270 
We found that there was a difference in the distribution of functions between ecosystem types 271 
(Table S2; Fig. 4). For example, studies conducted in drylands measured functions falling 272 
exclusively in the ‘supporting’ and ‘regulating’ ecosystem service categories, with 86% of 273 
measured functions falling within the ‘supporting’ category. In contrast, functions measured 274 
within the agricultural and forest ecosystems were much more evenly distributed across the 275 
four ecosystem service categories. Yet despite these general differences across ecosystem 276 
types, we found that the range of functions often differed greatly between studies of the same 277 
ecosystem type as well. For example, even within a forest ecosystem, some studies measured 278 
only ‘supporting’ functions (Bastida et al. 2016; Eldridge et al. 2016), others measured only 279 
‘provisioning’ functions (Granath et al. 2018), and still others measured a relatively even 280 
distribution of all ecosystem service categories (van der Plas et al. 2016a,b). While some of 281 
these differences may be due to the success of certain research groups in publishing studies in 282 
a specific ecosystem type (i.e. drylands in the Maestre group), it is clear that the concept of 283 
EMF is in practice very ambiguous if different studies include such a range of functions. This 284 
requires the reader to carefully consider the particular functions included in the analysis to 285 
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understand 1) the extent of multifunctionality that was in fact explored and 2) the constraints 286 
imposed to generalizations on EMF from each study design.  287 
 288 
Measuring ecosystem functions 289 
 290 
In addition to discussing which functions are being measured and whether or not they are 291 
linked with ecosystem services, one issue which must be addressed is the variability in how 292 
functions are being assessed (i.e. either by direct measurement or by the measurement of 293 
indicators) (Fig. 1). In contrast to reported ecosystem services, which were more 294 
straightforward to measure and require human valuation (i.e. via surveys or direct 295 
inventories), our review found that the line between an ecosystem function and an indicator of 296 
an ecosystem function was often unclear how a given measure was related to an ecosystem 297 
function. For example, we found that in addition to well-accepted ecosystem functions (i.e. 298 
rates of N2O production, biomass production, etc.), in many cases several variables that do not 299 
reflect functions, including soil pH, soil water content, soil depth, soil slope, and cation 300 
exchange capacity were included in the EMF calculation as well (Table S1). From our 301 
perspective, these latter variables are neither ecosystem functions nor appropriate indicators 302 
of functions, but are instead a collection of inherent soil physicochemical properties that are 303 
driven primarily by long-term abiotic and biotic processes and should be considered drivers of 304 
ecosystem functioning, rather than direct measures of functions (Fig. 5).  305 
 306 
We propose that much of this discrepancy is due to ambiguity in the definition of an 307 
ecosystem function. Although this topic has been discussed in detail (Jax, 2005; Farnsworth et 308 
al., 2017) it is clear that uncertainty remains. Much of this debate centers around whether or 309 
not ecosystem functions should include only process rates (i.e. enzyme activities, soil 310 
respiration rates, etc.), or if additional variables such as nutrient pools (i.e. soil C content, 311 
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microbial biomass, etc.) or ecosystem properties (i.e. soil texture) (see Fig. 5 for definitions) 312 
can also be considered indicators of these functions. We agree with Jax (2005) and Manning 313 
et al. (2018) that a clear distinction must be made regarding what an appropriate indicator 314 
may be to overcome some of the confusion regarding ecosystem functioning. Recently, 315 
Manning et al. (2018) propose that process rates should be favoured over stocks of energy or 316 
matter when measuring ecosystem functions and EMF. However, they also admit that in 317 
certain cases, nutrient pools such as soil C stocks or biomass could be considered indicators of 318 
longer-term net process rates. Yet in our review we found that only three out of the 82 EMF 319 
papers reviewed consisted of functions based solely on process rates (Bradford et al. 2014; 320 
Eldridge et al. 2016; Luo et al. 2017). Most papers, instead, included a variety of properties, 321 
nutrient pools, and processes (Fig. 5; Table S1).  322 
 323 
Similar to the conclusion of Farnsworth et al. (2017), we propose that ecosystem functions are 324 
comprised solely on processes, yet these can range from fast processes happening on an 325 
hourly or daily timescale (i.e. basal respiration, N2O production, enzymatic activities, etc.) to 326 
slow processes taking months or even decades to assess (i.e. biomass production, changes in 327 
soil C accumulation, or habitat provision). Moreover, we propose that ecosystem functions 328 
should be assessed by measuring process rates directly, or if the process rates of interest are 329 
too slow to measure directly, then the measurement of certain nutrient pools can act as 330 
surrogates of these slower processes (Fig. 5). While there is no ideal definition, we feel that 331 
this viewpoint is inclusive enough to capture all possible measures of functionality, while also 332 
spanning multiple timescales and research foci. 333 
 334 




The selection of appropriate indicators for ecosystem functions is described conceptually in 337 
Figure 5. For the processes that can be measured directly (i.e. rates of decomposition, 338 
mineralization, enzyme activities, biomass production, etc.), these can be incorporated into 339 
EMF metrics, either linked to ecosystem services or not, without any issue (see additional 340 
examples given in green in Fig. 5). However, since in most cases it is not realistic to measure 341 
processes that require years or decades to assess, such as the build-up of soil fertility over 342 
time, it is logical to use specific nutrient pools as indicators to estimate such processes. For 343 
example, soil organic carbon and microbial biomass are often used as indicators of soil carbon 344 
sequestration and microbial activity, respectively (Table 2). Furthermore, in environments 345 
such as drylands, dynamic processes such as soil N transformation rates are strongly related to 346 
soil total N (Delgado-Baquerizo et al. 2013). For example, one commonly measured indicator 347 
for EMF studies is soil mineral N, which is an indicator of the bio-availability of nitrogen in a 348 
given system. However, soil mineral N is a) not a process rate, and b) is a very dynamic 349 
measure, and thus care must be taken when comparing its value across different times of year 350 
or even regions. Thus, while we agree with this approach and find that many nutrient pools 351 
are appropriate indicators of a variety of ecosystem functions, we also urge the inclusion of 352 
multiple measures over time whenever possible to get better grasp of how temporal changes 353 
affect EMF (Bradford et al. 2014). These changes could then be described as process rates 354 
directly, and would in our opinion better fit the definition of an ecosystem function. 355 
Alternatively, after measuring multiple measures over time, an EMF index could be 356 
constructed for individual time points and compared to assess temporal changes. Furthermore, 357 
in managed ecosystems such as agricultural fields, where N fertilizers are applied annually, 358 
such measures cannot be used as indicators of functions related to N cycling. Instead, this 359 
variable should be interpreted as another driver of these functions, since the actual value 360 




In contrast to the above examples using processes and nutrient pools as indicators of 363 
ecosystem functions, we discourage the use of purely physicochemical properties as 364 
indicators of functions (see examples in red in Fig. 5). For example, we found several papers 365 
that included soil pH as an indicator for ecosystem functioning (Table S1). From our point of 366 
view, however, soil pH is not representative of a ‘process that occurs within an ecosystem and 367 
may contribute to ecosystem services’, but instead is a measure of a general chemical 368 
characteristic resulting from weathering of parent materials over long time periods. So, 369 
although pH at small scales (i.e. µm up to mm scales such as in the rhizosphere) can be 370 
influenced by root exudates and enzymes from plant and soil microbial communities 371 
(Hinsinger et al. 2003), at the plot- or ecosystem-scale on which most EMF studies focus, we 372 
consider soil pH not appropriate to include in an EMF calculation. We acknowledge that this 373 
variable is an important driver of soil microbial communities across a wide variety of 374 
terrestrial ecosystems (Fierer & Jackson 2006; Maestre et al. 2015; Delgado-Baquerizo et al. 375 
2018), which in turn affects multiple functions related to nutrient cycling and plant 376 
productivity (e.g. Delgado-Baquerizo et al. 2016, Trivedi et al. 2016; Maron et al. 2018), but 377 
it cannot be considered as a function itself.  378 
 379 
Similarly, other ecosystem properties that are less affected by biological processes and more 380 
inherent to a site (i.e. soil texture, slope) or a snapshot of a dynamic process (i.e. soil 381 
moisture) should not be included in an EMF index aiming to assess biological drivers on 382 
ecosystem functioning. In the case of soil moisture, we recommend instead measuring soil 383 
water holding capacity, as this is more indicative of the functional capacity of a soil to hold 384 
water, whereas soil moisture content largely depends on recent precipitation events and the 385 





Finally, and regardless of which indicators are measured, we  emphasize that it is important 389 
for researchers to explain why a particular indicator was used to assess a function, as well as 390 
what the impact of that measure is on ecosystem functioning overall. For example, we found 391 
that many EMF studies included at least one measure of soil N to represent N cycling, which 392 
we agree is very important to ecosystem functioning across all ecosystem types. However, 393 
since N cycling is such a broad term, there are many different indicators that fit this general 394 
description yet have very different impacts on overall ecosystem functioning (i.e. 395 
mineralization, denitrification, total soil N, nitrate, etc.). Without the specific rationale for 396 
why a certain measure was made is explicitly stated, the overall meaning and thus the 397 
interpretation of the resultant EMF index will be limited. Similarly, although it is clearly 398 
important to study and compare the overall values of EMF, we also recommend that 399 
researchers present the impact of these different factors on certain key functions individually 400 
as well (i.e. crop yield, C-sequestration, etc.) (Giling et al. 2018). Not only will this help with 401 
choosing meaningful indicators, but we think it will also aid in the understanding of how 402 
different functions are related to each other in terms of correlations or trade-offs (Meyer et al. 403 
2018), and thus what are the main functions driving the overall trends in EMF.  404 
 405 
Future Directions 406 
 407 
Despite the usefulness of the EMF concept, it is clear that EMF is extremely broad and that 408 
authors conceptualize and thus measure EMF in many different ways. This resembles other 409 
popular ecological concepts such as ‘keystone taxa’ (Paine, 1969; Power et al., 1996; Cottee-410 
Jones & Whittaker 2012; Banerjee et al., 2018) and ‘sustainability’ (Kuhlman & Farrington 411 
2010) that are clear conceptually, but differ in both approach and application from study to 412 
study. To advance EMF research in the future, we believe that researchers must pay more 413 
attention to how they choose, measure, and interpret ecosystem functions (Table 3; Fig. 5). In 414 
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contrast to creating a set of strict standardized variables for future EMF studies, as has been 415 
suggested previously (Meyer et al. 2015; Trogish et al. 2017), our recommendation is to 416 
create a general framework that includes a clear set of EMF definitions and appropriate 417 
indicators for ecosystem functions. However, this is by no means the only requirement to 418 
move this important concept forward. For example, while many EMF studies have made the 419 
link with ecosystem services based on the Millennium Ecosystem Assessment terminology 420 
and concepts (MEA 2005), there are many other ecosystem service assessment platforms that 421 
could be considered as well (see Carpenter et al. 2009; Maes et al. 2018). For example, there 422 
has recently been a call to incorporate more emphasis on the social and cultural aspects of 423 
ecosystems (Díaz et al. 2015, 2018). Based on this new outlook and understanding of the 424 
importance of assessing the cultural value of ecosystems, what we are referring to as 425 
‘ecosystem services’ is now moving toward the terminology ‘nature’s contributions to 426 
people’, which emphasizes the importance of a more balanced assessment of ecosystem 427 
functions and services by incorporating more measures of cultural services that are important 428 
for human societies (Díaz et al. 2018). However, even this suggestion has triggered much 429 
debate from the scientific community (Peterson et al. 2018). Furthermore, as we have shown 430 
in our review, the majority of EMF studies measure functions within the ‘supporting’ 431 
ecosystem service category, with 392 of the 775 published functions falling in this category 432 
(Table S1), and thus there remains no formal consensus on the appropriate terminology to use.  433 
 434 
Similarly, while many researchers examine the influence of biodiversity as a driver of EMF 435 
(Hector & Bagchi 2007; Zavaleta et al. 2010; Lefcheck et al. 2014; Luo et al. 2017; Meyer et 436 
al. 2018), some authors consider high biodiversity as an ecosystem service itself (Smukler 437 
2010; van der Plas et al. 2016a,b). This begs the question: can biodiversity be considered an 438 
ecosystem function or service, or only as a factor explaining EMF? While there are several 439 
different opinions on this topic (Maes et al. 2018; FAO 2019), which goes beyond the scope 440 
18 
 
of our current objectives, we recommend further discussion on this point until a general 441 
agreement can be reached.  442 
 443 
Regarding the distinction between EMF studies assessing ecosystem functions only, without a 444 
human valuation perspective, versus those in the framework of ecosystem service provision, a 445 
practical approach to resolve this issue was proposed by Manning et al. (2018). They suggest 446 
redefining multifunctionality overall, making a distinction between ecosystem function 447 
multifunctionality (EF-multifunctionality) and ecosystem service multifunctionality (ES-448 
multifunctionality) (see Fig. 1). In line with this, we suggest that studies which measure a 449 
more narrowly focused niche of ecosystem functions (i.e. only soil enzyme activities or soil 450 
nutrient content), could reflect this emphasis in the title or terminology used (i.e. by studying 451 
the impact of drivers on ‘soil functioning’, ‘soil nutrient cycling’, or ‘soil quality’) (Schulte et 452 
al. 2015; Bünemann et al. 2018; Rabot et al. 2018). Such a change in terminology would not 453 
only make the research goals more obvious to readers, it would also help to reduce ambiguity 454 
with the term EMF. Fortunately, we have found that this change is already starting to occur, 455 
with terms such as ‘soil multifunctionality’ (Durán et al. 2018; Valencia et al. 2018), and is 456 
something we encourage others in the EMF to adopt.  457 
 458 
Moreover, for studies aiming to assess ecosystem service multifunctionality (see Manning et 459 
al., 2018) we would like to stress the importance of measuring not only a large quantity of 460 
functions (i.e. Meyer et al. 2018), but also a broad and diverse set of functions and services 461 
that spans across multiple ecosystem service categories in order to give a representative 462 
measure of the overall ecosystem functioning. This will also allow a better comprehension of 463 
trade-offs between different services in a given system, which can not only help researchers, 464 
but land managers and policymakers as well. It is likely that in many cases such a task will 465 
require collaboration between researchers in multiple disciplines (i.e. ecologists and 466 
19 
 
sociologists), or at least a transdisciplinary approach (Pohl 2011; Hoffman et al. 2017). Yet 467 
despite the extra effort that this may require for some researchers, the potential benefits that 468 
could be gained by producing a more holistic assessment of EMF would without doubt 469 
overcome the efforts involved in producing it.  470 
 471 
Concluding remarks 472 
 473 
Our goal with this review was to make a critical appraisal of the various functions included in 474 
EMF studies, thus shedding light on what is causing ambiguity of this term in order to avoid 475 
the degradation of its value and meaning. By summarizing the state of the field, we have 476 
shown that the number of ecosystem functions measured is highly variable, ranging from two 477 
to 82 per study. Moreover, in most EMF studies there was no clear link between the variables 478 
measured and the ecosystem services they contribute to, nor was there any consensus 479 
regarding what type of functional indicators are an appropriate measure of a given function. 480 
Therefore here we propose: 1) that process rates (ideally, in contrast to nutrient pools and 481 
ecosystem properties) should be considered as ecosystems functions; and 2) a set of 482 
standardized definitions for ecosystem functions and services, which is supported by 483 
examples and explanations for what appropriate indicators may be for such measures. To 484 
further improve the utility of EMF studies in the future, we emphasize the need for 485 
researchers to explain or justify why certain functions are measured in each study, and how 486 




G.G., A.E., L.P., F.T.M. and MvdH are supported by the European Union project 491 
BiodivERsA-Digging Deeper. G.G., S.B., A.E., C.H. and MvdH are supported by the Swiss 492 
20 
 
National Science Foundation (grants 166079 and 31BD30_172464) and Agroscope. E.H., 493 
R.W., and MvdH are supported by the Mercator Foundation Switzerland and ETHZ World 494 
Food System Center and Agroscope. G.G., and L.P are supported by the French National 495 
Institute for Agricultural Research (INRA). F.T.M. is supported by the European Research 496 
Council (ERC Grant Agreement 647038 [BIODESERT]). We thank the editor and two 497 





Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., et al. (2015). Land 503 
use intensification alters ecosystem multifunctionality via loss of biodiversity and changes to 504 
functional composition. Ecol Lett, 18, 834–843. 505 
 506 
Banerjee, S., Schlaeppi, K., & van der Heijden, M.G.A. (2018). Keystone taxa as drivers of 507 
microbiome structure and functioning. Nat Rev Microbio, 16, 567-576. 508 
 509 
Bastida, F., Torres, I., Moreno, J., Baldrian, P., Ondoño, S., Ruiz-Navarro, A., et al. (2016). 510 
The active microbial diversity drives ecosystem multifunctionality and is physiologically 511 
related to carbon availability in Mediterranean semi-arid soils, Molec Ecol, 25, 4660-4673. 512 
 513 
Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., Courchamp, F. (2012). Impacts of 514 




Bradford, M., Wood, S., Bardgett, R., Black, J., Bonkowski, M., Eggers, T., et al. (2014a). 517 
Discontinuity in the responses of ecosystem processes and multifunctionality to altered soil 518 
community composition. PNAS, 111(40), 14478–14483. 519 
 520 
Bradford, M., Wood, S., Bardgett, R., Black, J., Bonkowski, M., Eggers, T., et al. (2014b). 521 
Reply to Byrnes et al.: Aggregation can obscure understanding of ecosystem 522 
multifunctionality. PNAS, 111 (51), E5491. 523 
 524 
Bünemann, E., Bongiorno, G., Bai, Z., Creamer, R., De Deyn, G., de Goede, R., et al. (2018). 525 
Soil quality- A critical review. Soil Biol Biochem, 120, 105-125. 526 
 527 
Byrnes, J.E.K., Gamfeldt, L., Isbell, F., Lefcheck, J.S., Griffin, J.N., Hector, A., et al. (2014). 528 
Investigating the relationship between biodiversity and ecosystem multifunctionality: 529 
challenges and solutions. Methods Ecol Evol, 5, 111-124. 530 
 531 
Carpenter, S., Mooney, H., Agard, J., Capistrano, D., DeFries, R., Díaz, S., et al., (2009). 532 
Science for managing ecosystem services: beyond the Millennium Ecosystem Assessment. 533 
PNAS, 106(5), 1305-1312. 534 
 535 
Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., et al. (1997). The 536 
values of the world’s ecosystem services and natural capital. Nature, 387, 253-260. 537 
 538 
Costello, A., Abbas, M., Allen, A., Ball, S., Bell., S., Bellamy, R., et al. (2009). Managing the 539 




Cottee-Jones, H.E. & Whittaker, R.J. (2012). The keystone species concept: a critical 542 
appraisal. Front Biogeogr, 4(3), 117-127. 543 
 544 
Delgado-Baquerizo, M., et al., 2013. Decoupling of soil nutrient cycles as a function of aridity 545 
in global drylands. Nature 502: 672-676. doi: 10.1038/nature12670. 546 
 547 
Delgado-Baquerizo, M., Maestre, F., Reich, P., Jeffries, T., Gaitan, J., Encinar, D., et al. 548 
(2016). Microbial diversity drives multifunctionality in terrestrial ecosystems. Nat Commun, 549 
7, 10541. 550 
 551 
Delgado-Baquerizo, M., Eldridge, D., Ochoa, V., Gozalo, B., Singh, B., & Maestre, F. (2017). 552 
Soil microbial communities drive the resistance of ecosystem multifunctionality to global 553 
change in drylands across the globe. Ecol Lett, 20, 1295-1305. 554 
 555 
Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T., Benavent-González, A., Eldridge, D.J., 556 
Bardgett, R.D., et al. (2018). A global atlas of the dominant bacteria found in soil. Science, 557 
359, 320–325.  558 
 559 
Díaz, S., Demissew, S., Carabias, J., Joly, C., Lonsdale, M., Ash, N., et al. (2015). The IPBES 560 
Conceptual Framework- connecting nature and people. Curr Opin Environ Sustain, 14, 1-16. 561 
 562 
Díaz, S., Pascual, U., Stenseke, M., Martín-López, B., Watson, R., Molnár, Z., et al. (2018). 563 
Assessing nature’s contributions to people: recognizing culture, and diverse sources of 564 




Durán, J., Delgado-Baquerizo, M., Dougill, A., Guuroh, R., Linstädter, A., Thomas, A., et al. 567 
(2018). Temperature and aridity regulate spatial variability of soil multifunctionality in 568 
drylands across the globe. Ecology, 99(5), 1184-1193. 569 
 570 
Eldridge, D., Delgado-Baquerizo, M., Woodhouse, J., & Beilan, B. (2016). Mammalian 571 
engineers drive soil microbial communities and ecosystem functions across a disturbance 572 
gradient. J Anim Ecol, 85, 1636-1646. 573 
 574 
Fanin, N., Gundale, M., Farrell, M., Ciobanu, M., Baldock, J., Nilsson, M.C., et al. (2018). 575 
Consistent effects of biodiversity loss on multifunctionality across contrasting ecosystems. 576 
Nature Ecol Evol, 2, 269-278.  577 
 578 
Farnsworth, K., Albantakis, L., & Caruso, T. (2017). Unifying Concepts of Biological 579 
Function from Molecules to Ecosystems. Oikos, 126(10), 1367–1376.  580 
 581 
Food and Agriculture Organization of the United Nations (FAO). (2019). Biodiversity and 582 
Ecosystem Services. http://www.fao.org/agriculture/crops/thematic-583 
sitemap/theme/biodiversity/en/ [Accessed 28.01.2019]. 584 
 585 
Fierer, N., & Jackson, R.B. (2006). The diversity and biogeography of soil bacterial 586 
communities. PNAS, 103(3), 626-631. 587 
 588 
Gamfeldt, L., Hillebrand, H., & Jonsson, P. (2008). Multiple functions increase the 589 




Gamfeldt, L. & Roger, F. (2017). Revisiting the biodiversity-ecosystem multifunctionality 592 
relationship. Nature Ecol Evol, 1(168), 1-7. 593 
 594 
Giling, D., Beaumelle, L., Phillips, H., Cesarz, S., Eisenhauer, N., Ferlian, O., et al. (2018). A 595 
niche for ecosystem multifunctionality in global change research. Global Change Biol, 25, 596 
763-774.  597 
  598 
Gómez-Baggethun, E., de Groot, R., Lomas, P., Montes, C., 2010. The history of ecosystem 599 
services in economic theory and practice: From early notions to markets and payment 600 
schemes. Ecol Econ, 69(6), 1209-1218. 601 
 602 
Granath, G., Kouki, J., Johnson, S., Heikkala, O., Rodríguez, A., & Stengbom, J. (2018). 603 
Trade-offs in berry production and biodiversity under prescribed burning and retention 604 
regimes in boreal forests. J Appl Ecol, 55, 1658-1667. 605 
 606 
Hector, A. & Bagchi, R. (2007). Biodiversity and ecosystem multifunctionality. Nature 607 
Letters, 448(12), 188-191. 608 
 609 
Heink, U. & Kowarik, I. (2010). What are indicators? On the definition of indicators in 610 
ecology and environmental planning. Ecological Indicators, 10, 584-593. 611 
 612 
Hinsinger, P., Plassard, C., Tang, C., & Jaillard, B. (2003). Origins of root-mediated ph 613 
changes in the rhizosphere and their responses to environmental constraints. Plant Soil, 614 




Hoffmann, S., Pohl, C., & Hering, J. (2017). Exploring transdisciplinary integration within a 617 
large research program: Empirical lessons from four thematic synthesis processes. Research 618 
Policy, 46, 678-692. 619 
 620 
Hölting, L., Beckmann, M., Volk, M., & Cord., A. (2019). Multifunctionality assessments- 621 
More than assessing multiple ecosystem functions and services? A quantitative literature 622 
review. Ecol Indicators, 103, 226-235. 623 
 624 
Jax, K. (2005). Function and “functioning” in ecology: what does it mean? OIKOS, 111(3), 625 
641-648. 626 
 627 
Jing, X., Prager, C., Classen, A., Maestre, F., He, J., & Sanders, N. (2020). Variation in the 628 
methods leads to variation in the interpretation of biodiversity-ecosystem multifunctionality 629 
relationships. Journal of Plant Ecology, rtaa031, https://doi.org/10.1093/jpe/rtaa031. 630 
 631 
Kuhlman, T., & Farrington, J. (2010). What is Sustainability? Sustainability, 2, 3436-3448. 632 
 633 
Lefcheck, J., Byrnes, J., Isbell, F., Gamfeldt, L., Griffin, J., Eisenhauer, N., et al. (2014). 634 
Biodiversity enhances ecosystem multifunctionality across trophic levels and habitats. Nature 635 
Commun, 6, 6936, 1-7. 636 
 637 
Lefcheck, J., Byrnes, J., Isbell, F., Gamfeldt, L., Griffin, J., Eisenhauer, N., et al. (2015). 638 
Biodiversity enhances ecosystem multifunctionality across trophic levels and habitats. Nature 639 




Lohbeck, M., Bongers, F., Martinez-Ramos, M., & Poorter, L. (2016). The importance of 642 
biodiversity and dominance for multiple ecosystem functions in a human-modified tropical 643 
landscape. Ecology, 97(10), 2772-2779. 644 
 645 
Luo, G., Rensing, C., Chen, H., Liu, M., Wang, M., Guo, S., et al. (2017). Deciphering the 646 
associations between soil microbial diversity and ecosystem multifunctionality driven by 647 
long-term fertilization management. Funct Ecol, 32, 1103-1116. 648 
 649 
Maes, J., et al., 2018. Mapping and Assessment of Ecosystems and their Services: An 650 
analytical framework for ecosystem condition. Publications office of the European Union, 651 
Luxembourg. 652 
http://catalogue.biodiversity.europa.eu/uploads/document/file/1673/5th_MAES_report.pdf 653 
[Accessed 28.01.2019]. 654 
 655 
Maestre, F.M., Quero, J.L., Gotelli, N.J., Escudero, A., Ochoa, V., Delgado-Baquerizo, M., et 656 
al. (2012). Plant species richness and ecosystem multifunctionality in global drylands. 657 
Science, 335, 214-218. 658 
 659 
Maestre, F. Delgado-Baquerizo, M., Jeffries, T., Eldridge, D., Ochoa, V., Gozalo, B., et al. 660 
(2015). Increasing aridity reduces soil microbial diversity and abundance in global drylands. 661 
PNAS, 112, 15684–15689.  662 
 663 
Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F. T., Mace, G., Whittingham, 664 





Maron, P., Sarr, A., Kaisermann, A., Lévêque, J., Mathieu, O., Gulgue, J., et al. (2018). High 668 
microbial diversity promotes soil ecosystem functioning. Environ Microbio, 84, e02738-17. 669 
 670 
Meissle, M., Naranjo, S.E., Kohl, C., Riedel, J., & Romeis, J. (2014). Does the growing of Bt 671 
maize change abundnace or ecological function of non-target animals compared to the 672 
growing of non-GM maize? A systematic review protocol. Environ Evidence, 3:7. 673 
 674 
Meyer, S., Koch, C., & Weisser, W. (2015). Towards a standardized Rapid Ecosystem 675 
Function Assessment (REFA). Trends Ecol Evolut, 30(7), 390-397. 676 
 677 
Meyer, S., Ptacnik, R., Hillebrand, H., Bessler, H., Buchmann, N., Ebeling, A., et al. (2018). 678 
Biodiversity-multifunctionality relationships depend on identity and number of measured 679 
functions. Nature Ecol Evol, 2, 44-49. 680 
 681 
Millennium Ecosystem Assessment (MEA), 2005. Ecosystems and Human Well-being: 682 
Synthesis. Island Press, Washington, D.C. 683 
 684 
Nilsson, L., Andersson, G., Birkhofer, K., & Smith, H. (2017). Ignoring Ecosystem-Service 685 
Cascades Undermines Policy for Multifunctional Agricultural Landscapes. Frontiers in 686 
Ecology and Evolution, 5, 109. 687 
 688 
Paine, R.T. (1969). A Note on Trophic Complexity and Community Stability. The American 689 




Peterson, G., Harmackoya, Z., Meacham, M., Queiroz, C., Jimenez-Aceituno, A., Kuiper, J., 692 
et al. (2018). Welcoming different perspectives in IPBES: “Nature’s contributions to people” 693 
and “Ecosystem services”. Ecology and Society, 23(1), 39. 694 
 695 
Pohl, C. (2011). What is progress in transdisciplinary research? Futures, 43, 618-626. 696 
 697 
Power, M., Tilman, D., Estes, J.,  Menge, B., Bond, W., Mills, L.S., et al. (1996). Challenges 698 
in the Quest for Keystones: Identifying keystone species is difficult—but essential to 699 
understanding how loss of species will affect ecosystems, BioScience, 46(8), 609–620. 700 
 701 
Rabot, E., Wiesmeier, M., Schluter, S., & Vogel, H.J. (2018). Soil structure as an indicator of 702 
soil functions: a review. Geoderma, 314, 122-137. 703 
 704 
Robroek, B., Jassey, V., Boudewijn, B., & Hefting, M. (2017). Diverse fen plant communities 705 
enhance carbon-related multifunctionality, but do not mitigate negative effects of drought. 706 
Royal Soc Open Sci, 4, 170449. 707 
 708 
Schipanski, M., Barbercheck, M., Douglas, M., Finney, D., Haider, K., Kaye, J., et al. (2014). 709 
A framework for evaluating ecosystem services provided by cover crops in agroecosystems. 710 
Agric Syst, 125, 12-22. 711 
 712 
Schulte, R., Bampa, F., Bardy, M., Coyle, C., Creamer, R., Fealy, R., et al. (2015). Making 713 
the most of our land: managing soil functions from local to continental scale. Front Environ 714 




Schuldt, A., Assmann, T., Brezzi, M., Buscot, F., Eichenberg, D., Gutknecht, J., et al. (2018). 717 
Biodiversity across trophic levels drives multifunctionality in highly diverse forests. Nature 718 
communications, 9(1), 2989. 719 
 720 
Smukler, S., Sánchez-Moreno, S., Fonte, S., Ferris, H., Klonsky, K., O’Geen, A., et al. 721 
(2010). Biodiversity and multiple ecosystem functions in an organic farmscape. Agric Ecosyst 722 
Environ, 139, 80-97. 723 
 724 
The Economics of Ecosystems and Biodiversity (TEEB) (2018). Measuring what matters in 725 
agriculture and food systems: a synthesis of the results and recommendations of TEEB for 726 
Agriculture and Food’s Scientific and Economic Foundations report. Geneva: UN 727 
Environment. 728 
 729 
Trivedi, P., Delgado-Baquerizo, M., Trivedi, C., Hu, H., Anderson, I.C., Jeffries, T., et al. 730 
(2016). Microbial regulation of the soil carbon cycle: evidence from gene-enzyme 731 
relationships. ISME Journal, 10(11), 2593-2604.  732 
 733 
Trogisch, S., Schuldt, A., Bauhus, J., Blum, J., Both, S., Buscot, F., et al. (2017). Toward a 734 
methodical framework for comprehensively assessing forest multifunctionality. Ecol Evol, 7, 735 
10652-10674. 736 
 737 
United Nations, 2015. Transforming our world: the 2030 Agenda for Sustainable 738 
Development. New York: UN Publishing. A/RES/70/1, available at: 739 




Valencia, E., Gross, N., Quero, J., Carmona, C., Ochoa, V., Gozalo, B., et al. (2018). 742 
Cascading effects from plants to soil microorganisms explain how plant species richness and 743 
simulated climate change affect soil multifunctionality. Global Change Biol, 1-13. 744 
 745 
van der Plas, F., Manning, P., Allan, E., Scherer-Lorenzen, M., Verheyen, K., Wirth, C., et al. 746 
(2016a). Jack-of-all-trades effects drive biodiversity-ecosystem multifunctionality 747 
relationships in European forests. Nature Commun, 7, 11109. 748 
 749 
van der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer-Lorenzen, M., Verheyen, K., et 750 
al. (2016b). Biotic homogenization can decrease landscape-scale forest multifunctionality. 751 
PNAS, 113, 3557-3562. 752 
 753 
Wagg, C., Bender, S.F., Widmer, F., & van der Heijden, M. (2014). Soil biodiversity and soil 754 
community composition determine ecosystem multifunctionality. PNAS, 111(14), 5266-5270. 755 
 756 
WWF. 2016. Living Planet Report 2016. Risk and resilience in a new era. WWF 757 
International, Gland, Switzerland. 758 
http://awsassets.panda.org/downloads/lpr_2016_full_report_low_res.pdf 759 
 760 
Zavaleta, E., Pasari, J., Hulvey, K., & Tilman, G.D. (2010). Sustaining multiple ecosystem 761 












Tables and Figures  772 
 773 
Table 1. Advantages and disadvantages of the use of EMF as a tool to assess and describe the 774 
ability of ecosystems to simultaneously provide multiple functions and services. References 775 
are given for each example. 776 
 777 




EMF provides a simple metric to assess the overall 
functioning of ecosystems, or treatments within a 
single ecosystem, by summarizing multiple 
variables into one value. 
 
 
Manning et al. 
2018 
 EMF makes it possible to visualize trade-offs 
between different ecosystem functions when 
evaluating overall ecosystem performance. 
 




The number and type of ecosystem functions used 
to assess EMF varies greatly among studies, and 




Hölting et al. 2019 
  
It is difficult to rank and weigh the importance of 
different ecosystem functions and services when 
assessing EMF, as this depends on the stakeholders 
involved (i.e. productivity versus environmental 
performance for agro-ecosystems is weighed 
differently by farmers who wish to produce food 




Allan et al. 2015; 
Manning et al. 
2015 
 There are many methods available to calculate EMF 
(each method has its own strengths and 
weaknesses), which can significantly change 
outcome of results. Additionally, differences in 
calculation method can further limit the ability of 
researchers to compare EMF values. 
 
Bradford et al. 
2014; 
Byrnes et al. 2014;  
Lefcheck et al. 
2015 
 In some cases, variables used to calculate EMF do 
not necessarily reflect ecosystem functions or 
services, but are instead considered ecosystem 
properties (e.g. pH, slope of soil). 
 
This review 
 EMF is often measured at one single time point, and 
some functions used to calculate EMF are highly 








Table 2: Ecosystem service and functional categories used to organize published functions 780 
into groups according to ecosystem service provision they can be linked with. Examples of 781 










































    
1. Aesthetic values Cover of flowers Percentage of flower 
cover at given time 
2. Recreation and 
ecotourism 
Space for recreation  Inventory of area 
devoted to hunting 
grounds; hiking 





Survey of community 
members’ attitude 
toward ecosystem’s 
role in spiritual 
practices 




Inventory of improved 
human health in a 
particular environment 
5. Habitat provision 
and biodiversity 





 Biodiversity and 
richness of plant, 
animal, and microbial 
species 
Species diversity or 































    
6. Food production Food production  Crop yield 
  Milk production 
 Wild food provision Wild berry production; 
wild mushroom 
production 
7. Raw materials Timber production Inventory of tree 
harvest in given area 
 Bioenergy source Yield of bioenergy 
substrate production 
8. Quality Nutrient provision Grain N concentration 
 Palatability Consumer surveys 
 Food safety Mycotoxin assessment 
rating 
9. Medicinal resources Provision of 
medicinal products 
Inventory of products 
used in medical 
manufacturing 
10. Fresh water Providing a source of 
fresh water 
Inventory of fresh 
water sources and 




11. Employment  Providing a source of 
employment 
Inventory of jobs 
created over a given 
time 
12. Income generation Providing a source of 
income 











































    
13. Air quality 
regulation 
Reduction of air 
pollution 
Concentration of NOx, 
SO2, and particulate 
matter 
14. Climate regulation C sequestration  Change in soil organic 
C over time 
 
 Shade provision Percent cover of shade 
tree/plant species in 
given area 
 Reduction of 
greenhouse gas 
emissions 
N2O, CH4, CO2 
production 
15. Water regulation Water conservation Water infiltration rate 
  Soil water holding 
capacity 
16. Erosion regulation Soil structure Comparison of soil 
aggregate stability 
 Planting density Total plant cover 
17. Water purification Reducing nitrate 
leaching 
Comparison of soil 
water nitrate 
concentration  
18. Disease and pest 
regulation 
Reducing plant 
diseases or pest 
predation 
Number and 
abundance of pest 
species 
19. Pollination Plant pollination Abundance of 
pollinator species 
20. Moderation of 
extreme events 
Reduction of 
flooding events  
Survey of flooded 
areas over given time 
period 
 minimizing fire risk Survey of area 
damaged by fire over 




















































   




  Root biomass 
22. Soil properties and 
fertility 




  Change in total soil 
nitrogen over time 
34 
 
23. Nutrient Cycling Microbial activity  Microbial respiration 
rates 
 Nitrogen cycling Rates of nitrogen 
mineralization 




AMF root colonization 
24. Photosynthesis Photosynthetic 
capacity 









































Table 3: Distribution of studies and range of ecosystem functions measured across ecosystem 822 
types. 823 
 824 
  Ecosystem Type 














7.8 10.6 9.8 10.5 5.6 8.9 
Median 
  
7 9 5 8 8 8 


































Figure 1: Conceptual diagram showing that ecosystem multifunctionality (EMF) can be 856 
comprised of a) ecosystem functions and services or b) solely ecosystem functions, and that 857 
these functions can be measured either directly, or with the use of indicators (see Fig. 5 for 858 


























Figure 2: Growth in the number of published EMF studies between 2006 and 2017 as 883 
































Figure 3: Discrepancy between measurements of EMF in each of the predominant ecosystem 914 
types compared to the actual global distribution. The ecosystem types represented in EMF 915 
studies are shown in the inner circle (data obtained by our literature review). The global 916 
distribution of land-use types is shown in the outer circle (data obtained by the Living Planet 917 
Report, WWF 2016). Barren land refers to those ecosystems in which less than one third of 918 
the area has vegetation or other cover. In general, barren land has thin soil, sand, or rocks and 919 
includes areas such as deserts, dry salt flats, beaches, sand dunes, exposed rock, strip mines, 920 

























Figure 4: Distribution of the number of measured functions within the different ecosystem 944 




















Figure 5: Conceptual diagram representing differences between ecosystem functions, nutrient 963 
pools, and properties and how they can be used as indicators for the calculation of EMF 964 
indices. All the variables shown here are examples of functions published in the EMF 965 
literature reviewed in this study. Direct measures of biotic or abiotic processes are considered 966 
ecosystem functions and can be included in the EMF calculation directly (green). On the other 967 
hand, processes that take place on slower timescales (i.e. soil C sequestration) or stocks of 968 
energy that are representative of slower biotic or abiotic processes (i.e. microbial biomass) 969 
can also be used as indicators of certain ecological functions (yellow). However, it is critical 970 
that the chosen indicator be appropriate for the specific research question addressed as well as 971 
the particular ecosystem type. In contrast, ecosystem properties (shown in red) are considered 972 
inherent physical or chemical characteristics of an ecosystem that are mainly driven by abiotic 973 
factors over very long timescales. In these cases, we caution against the use of ecosystem 974 
properties as indicators of ecosystem functions unless there is clear evidence given in the 975 
study that such variables can act as valid indicators of ecosystem functions. Once appropriate 976 
functions and/or indicators are determined for a given study, these can then be used to 977 















Supplementary material 991 
 992 
Table S1: Summary of literature review including ecosystem type, methodology used to calculate EMF, the number of functions per study, as well 993 
as the specific functions included in the calculation. Paper type refers to A) papers that calculate EMF (i.e. direct assessment) and B) papers that 994 
measure multiple functions and discuss the results in the context of EMF (i.e. indirect assessment). The EMF Index Approach refers to how the 995 
EMF value was calculated: 1) averaging of Z-scores, 2) threshold approach, 3) PCA axis scoring, 4) Other (i.e. comparing maps of different 996 
ecosystem function rankings), and 5) Analytical Hierarchy Approach. We classified the published functions into functional and ecosystem service 997 
categories based on the concepts and examples given in Table 2 and Figure 5. Variables in red were not considered ecosystem functions (i.e. 20 out 998 
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Regulating Air quality regulation 2 
    
  Climate regulation 17 14 16 18 4 
  Water regulation 6 3 
   




  Water purification 10 1 2 7 
 












Supporting Primary production 1 1 26 55 
 
  Nutrient cycling 31 75 36 51 9 
  Soil properties and fertility 10 42 9 37 4 








































Figure S1: Conceptual diagram of literature review process. 1048 
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